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In this paper, we discuss a decoupling of the Goldstone bosons from highly excited
hadrons in relation to the restoration of chiral symmetry in such hadrons. We use
a generalised Nambu–Jona-Lasinio model with the interaction between quarks in
the form of an instantaneous Lorentz–vector confining potential. This model is
known to provide spontaneous breaking of chiral symmetry in the vacuum via the
standard selfenergy loops for valence quarks. For highly excited hadrons, where the
typical momentum of valence quarks is large, the loop contributions represent only
a small correction to the chiral–invariant classical contributions and asymptotically
vanish. Consequently the chiral symmetry violating Lorentz–scalar dynamical mass
of quarks vanishes. Then the conservation of the axial vector current in the chiral
limit requires, via the Goldberger–Treiman relation, that the valence quarks decouple
from the Goldstone boson. As a consequence, the whole hadron decouples from the
Goldstone boson as well, which implies that its axial constant also vanishes.
PACS numbers: 12.38.Aw, 12.39.Ki, 12.39.Pn
I. INTRODUCTION
An approximate restoration of SU(2)L×SU(2)R and U(1)A symmetries in excited hadrons
has recently become a subject of a significant theoretical effort [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14]. This effective restoration of chiral symmetry requires in particular that highly
excited hadrons should gradually decouple from the Goldstone bosons [4, 7, 14]. There is
an indirect phenomenological hint for such a decoupling. Indeed, the coupling constant for
2the process h∗ → h+ π decreases for high lying resonances, because the phase–space factor
for such a decay increases with the mass of a resonance much faster than the decay width.
A coupling of the Goldstone bosons to the valence quarks is regulated by the conservation
of the axial current (we consider for simplicity the chiral limit). This conservation results
in a Goldberger–Treiman relation [15], taken at the “constituent quark” level, giving
gpi ∝ meffq , (1)
where meffq is the quark Lorentz–scalar dynamical mass which appears selfconsistently due
to spontaneous breaking of chiral symmetry (SBCS) in the vacuum. Appearance of such
a dynamical mass is a general feature of chiral symmetry breaking and has been studied
in great detail in the context of different models like the Nambu and Jona-Lasinio model
[16, 17], instanton liquid model [18], within the Schwinger–Dyson formalism with the quark
kernel formed by the QCD string [19], by the perturbative gluon exchange [20] or by the
instantaneous Lorentz–vector confinement [21, 22, 23]. A general feature of this dynamical
mass is that it results from quantum fluctuations of the quark field and vanishes at large
momenta where the classical contributions dominate [5, 13]. Then, since the average mo-
mentum of valence quarks higher in the spectrum increases, the valence quarks decouple
from the quark condensate and their dynamical Lorentz–scalar mass decreases (and asymp-
totically vanishes), so that chiral symmetry is approximately restored in the highly–excited
hadrons [1, 12, 13]. This implies, via the Goldberger–Treiman relation (1), that valence
quarks, as well as the whole hadron, decouple from the Goldstone bosons [4]. This, in turn,
requires the axial coupling constant of the highly excited hadrons to decrease and to vanish
asymptotically.
While this perspective was shortly outlined in the past, this has never been considered
in detail microscopically. However, it is important to clarify this physics, especially because
the origins of this phenomenon cannot be seen at the level of the effective Lagrangian
approach, where the coupling constant of the Goldstone boson to the excited hadron is an
input parameter and the decoupling looks unintuitive [14].
Even though the role of different gluonic interactions in QCD, which could be responsible
for chiral and U(1)A symmetries breaking, is not yet clear, the most fundamental reason
for the restoration of these symmetries in excited hadrons is universal [5]. Namely, both
SU(2)L × SU(2)R and U(1)A symmetries breaking result from quantum fluctuations of the
3quark fields (that is, loops). However, for highly-excited hadrons, where the action of the
intrinsic motion is large, a semiclassical regime necessarily takes place. Semiclassically, the
contribution of quantum fluctuations is suppressed, relative to the classical contributions,
by a factor ~/S, where S is the classical action of the intrinsic motion in the hadron in
terms of the quark and gluon degrees of freedom. Since, for highly excited hadrons, S ≫ ~,
contributions of the quantum fluctuations of the quark fields are suppressed relative to the
classical contributions. Consequently both chiral and U(1)A symmetries are approximately
restored in this part of the spectrum.
Although this argument is quite general and solid, it does not provide one with any
detailed microscopic picture of the symmetry restoration. Then in the absence of controllable
analytic solutions of QCD such an insight can be obtained only through models.
It is instructive to outline the minimal set of requirements for such a model. It must
be (i) relativistic, (ii) chirally symmetric, (iii) able to provide spontaneous breaking of chi-
ral symmetry, (iv) it should contain confinement, (v) it must explain the restoration of
chiral symmetry in excited states. There is a model which does incorporate all required
elements. This is the generalised Nambu and Jona-Lasinio (GNJL) model with the instan-
taneous Lorentz–vector confining kernel [21, 22, 23]. In this model, confinement of quarks is
guaranteed due to instantaneous infinitely rising (for example, linear) potential. Then chi-
ral symmetry breaking can be described by the standard summation of the valence–quark
selfinteraction loops giving rise to the Schwinger–Dyson equation for the quark selfenergy
[21, 22]. Alternatively the model can be considered in the Hamiltonian approach using
the BCS formalism [24]. In this case, chiral symmetry breaking in the vacuum happens
via condensation of the 3P0 quark–antiquark pairs and dressed quarks appear from the
Bogoliubov–Valatin transformation applied to bare quarks. The mass–gap equation en-
sures absence of anomalous Bogoliubov terms in the Hamiltonian [23]. Finally, mesons
are built using the Bethe–Salpeter equation for the quark–antiquark bound states [22, 23]
or by a generalised bosonic Bogoliubov-like transformation applied to the operators creat-
ing/annihilating quark–antiquark pairs [25].
It was demonstrated in Ref. [12] that, for the low–lying states, where the typical momen-
tum of valence quarks is not large and chiral symmetry breaking is important, this model
leads to an effective Lorentz–scalar binding potential, while for high–lying states, such an ef-
fective potential becomes a pure Lorentz spatial vector. Then the discussed above quantum
4nature of chiral symmetry breaking in QCD as well as the transition to the semiclassical
regime for excited states, with loop effects being suppressed relative to the classical contri-
butions, has been illustrated within the same model in Ref. [13]. As a result, the model does
provide chiral symmetry restoration for excited hadrons.
The purpose of this paper to give an insight into physics of decoupling of the Goldstone
bosons from the excited hadrons which happens in line, and due to the same reason, with
the approximate restoration of chiral symmetry for these hadrons. We resort to the GNJL
model in view of its obvious advantage as a tractable model for QCD which can be used as a
laboratory to get a microscopical insight into the restoration of chiral symmetry for excited
hadrons.
II. GENERALISED NAMBU–JONA-LASINIO MODEL
A. Some generalities
In this chapter, we overview the GNJL chiral quark model [21, 22, 23] which is described
by the Hamiltonian
Hˆ =
∫
d3xψ¯(~x, t)
(
−i~γ · ~▽+m
)
ψ(~x, t) +
1
2
∫
d3xd3y Jaµ(~x, t)K
ab
µν(~x− ~y)J bν(~y, t), (2)
with the quark current–current (Jaµ(~x, t) = ψ¯(~x, t)γµ
λa
2
ψ(~x, t)) interaction parametrised by
an instantaneous confining kernel Kabµν(~x − ~y) of a generic form. In this paper, we use the
simplest form of the kernel compatible with the requirement of confinement,
Kabµν(~x− ~y) = gµ0gν0δabV0(|~x− ~y|). (3)
We do not dwell at any particular form of the confining potential V0(|~x − ~y|), though, if
needed for an illustration purpose, we employ a power-like confining potential [21, 27],
V0(|~x|) = Kα+10 |~x|α, 0 6 α 6 2, (4)
for qualitative analysis, concentrating mostly at the case of the linear confinement (α = 1)
or, for numerical studies, resorting to the harmonic oscillator potential (α = 2) [21, 22, 23].
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FIG. 1: Graphical representation of the equations for the dressed quark propagator, Eq. (5), and
for the quark mass operator, Eq. (7).
B. Chiral symmetry breaking
Spontaneous breaking of chiral symmetry in the class of Hamiltonians (2) is described
via the standard Dyson series for the quark propagator which takes the form, schematically
(see Fig. 1):
S = S0 + S0ΣS0 + S0ΣS0ΣS0 + . . . = S = S0 + S0ΣS, (5)
with S0 and S being the bare– and the dressed–quark propagators, respectively, Σ is the
quark mass operator. The Dyson–Schwinger Eq. (5) has the solution
S−1(p0, ~p) = S
−1
0 (p0, ~p)− Σ(~p), (6)
where the mass operator independence of the energy p0 follows from the instantaneous
nature of the interaction. The expression for the mass operator through the dressed–quark
propagator (see Fig. 1) reads:
iΣ(~p) = CF
∫
d4k
(2π)4
V0(~p− ~k)γ0S(k0, ~k)γ0, CF = N
2
C − 1
2NC
, (7)
with both quark–quark–potential vertices being bare momentum–independent vertices γ0.
This corresponds to the so-called rainbow approximation which is well justified in the limit of
the large number of colours NC . We assume this limit in what follows. Then all nonplanar
diagrams appear suppressed by NC and can be consecutively removed from the theory.
Eqs. (6) and (7) together produce a closed set of equations, equivalent to a single nonlinear
equation for the mass operator,
iΣ(~p) =
∫
d4k
(2π)4
V (~p− ~k)γ0 1
S−10 (k0,
~k)− Σ(~k)γ0, (8)
where the fundamental Casimir operator CF is absorbed by the potential, V (~p) = CFV0(~p).
6To proceed, we use the standard parametrisation of the mass operator Σ(~p) in the form:
Σ(~p) = [Ap −m] + (~γ~ˆp)[Bp − p], (9)
so that the dressed–quark Green’s function (6) becomes
S−1(p0, ~p) = γ0p0 − (~γ~ˆp)Bp − Ap, (10)
where, due to the instantaneous nature of the interquark interaction, the time component
of the four–vector pµ is not dressed.
It is easily seen from Eq. (10) that the functions Ap and Bp represent the scalar and the
space–vectorial part of the effective Dirac operator, respectively. Notice, that it is the scalar
part Ap that breaks chiral symmetry and hence it can be identified with the dynamical
mass meffq of the valence quark appearing in the Goldberger–Treiman relation (1). In the
chiral limit, Ap vanishes, unless chiral symmetry is broken spontaneously. It is convenient,
therefore, to introduce an angle, known as the chiral angle ϕp, according to the definition:
tanϕp =
Ap
Bp
, (11)
and varying in the range −pi
2
< ϕp 6
pi
2
, with the boundary conditions ϕ(0) = pi
2
, ϕ(p →
∞)→ 0.
The selfconsistency condition for the parametrisation (9) of the nonlinear Eq. (8) requires
that the chiral angle is subject to a nonlinear equation — the mass–gap equation,
Ap cosϕp − Bp sinϕp = 0, (12)
with
Ap = m+
1
2
∫
d3k
(2π)3
V (~p− ~k) sinϕk, Bp = p+ 1
2
∫
d3k
(2π)3
(~ˆp~ˆk)V (~p− ~k) cosϕk. (13)
For the given chiral angle ϕp the dispersive law of the dressed quark can be built as
Ep = Ap sinϕp +Bp cosϕp, (14)
and it differs drastically from the free–quark energy E
(0)
p =
√
p2 +m2 in the low–momentum
domain; Ep approaches this free–particle limit as p→∞.
It was demonstrated in the pioneering papers on the model (2) [21] that, for confining
potentials, the mass–gap equation (12) always possesses nontrivial solutions which break
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FIG. 2: Nontrivial solution to the mass–gap Eq. (12) with m = 0 and for the linear confinement
(see, for example, Refs. [26, 27] for the details). The momentum p is given in the units of
√
σ; σ
is the fundamental string tension.
chiral symmetry, by generating a nontrivial mass-like function Ap, even for a vanishing
quark current mass. At Fig. 2, as an illustration, we show the numerical solution to the
mass–gap equation (12) for the linearly rising potential V (r) = σr in the chiral limit. The
chiral angle depicted at Fig. 2 shares all features of chiral symmetry breaking solutions to
the mass–gap equation (12) for various confining quark kernels (for a comprehensive analysis
of power-like potentials see Refs. [21, 27]), namely, it is given by a smooth function which
starts at pi
2
at the origin, with the slope inversely proportional to the scale of chiral symmetry
breaking, generated by this solution. At large momenta it approaches zero fast. The latter
property allows the reader to anticipate the principal conclusion of this paper. Indeed, since
the Fourier transform of the potential is peaked at ~p ≃ ~k, whereas sinϕk decreases with
the increase of k, then, as p → ∞, Ap is a decreasing function of the momentum p. In
the chiral limit it vanishes asymptotically. Therefore, for highly excited hadrons, with the
typical momentum of valence quarks being large, the dynamical Lorentz–scalar mass of such
valence quarks decreases, and so does the coupling constant gpi, due to the Goldberger–
Treiman relation (1). Hence highly excited hadrons decouple from the Goldstone bosons.
Below we prove this general conclusion by a detailed analysis of the amplitude of the pion
emission process h→ h′ + π with h (and perhaps h′) being highly excited hadrons.
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FIG. 3: Graphical representation of the Bethe–Salpeter Eq. (15) for the quark–antiquark bound
state, in the ladder approximation.
III. PROPERTIES OF THE GOLDSTONE MODE
A. Mesonic Salpeter vertex; Bethe–Salpeter equation for the chiral pion
In this chapter we remind the reader the main steps to take in order to derive the Bethe–
Salpeter equation for the generic quark–antiquark bound state, paying special attention to
the case of the chiral pion. We follow the lines of Refs. [21, 23, 25, 28, 29].
We start from the homogeneous Bethe–Salpeter equation,
χ(~p, ~P ) = −i
∫
d4k
(2π)4
V (~p− ~k) γ0S(k0, ~k)χ(~k, ~P )S(k0 −M,~k − ~P )γ0, (15)
for the mesonic Salpeter amplitude χ(~p, ~P ); M is the mass of the bound state and ~P is its
total momentum. Eq. (15) is written in the ladder approximation for the vertex which is
consistent with the rainbow approximation for the quark mass operator and which is well
justified in the large-NC limit. For future convenience we introduce the matrix wave function
of the meson as
Ψ(~p, ~P ) =
∫
dp0
2π
S(p0, ~p)χ(~p, ~P )S(p0 −M, ~p− ~P ), (16)
and use the standard representation for the dressed quark propagator via Dirac projectors,
S(p0, ~p) =
Λ+(~p)γ0
p0 − Ep + iǫ +
Λ−(~p)γ0
p0 + Ep − iǫ , (17)
Λ±(~p) = TpP±T
†
p , P± =
1± γ0
2
, Tp = exp
[
−1
2
(~γ~ˆp)
(π
2
− ϕp
)]
. (18)
We also consider the bound–state in its rest frame setting ~P = 0 and skipping this argument
of the bound–state wave function for simplicity. It is easy to perform the integration in
9energy in Eq. (15) explicitly. Then, for the Foldy–rotated wave function Ψ˜(~p) = T †pΨ(~p)T
†
p ,
the Bethe–Salpeter Eq. (15) reads:
Ψ˜(~p) = −
∫
d3k
(2π)3
V (~p− ~k)
[
P+
T †pTkΨ˜(
~k)TkT
†
p
2Ep −M P− + P−
T †pTkΨ˜(
~k)TkT
†
p
2Ep +M
P+
]
. (19)
It is clear now that a solution to Eq. (19) is to have the form,
Ψ˜(~p) = P+AP− + P−BP+, (20)
and, due to the obvious orthogonality property of the projectors P±, P+P− = P−P+ = 0,
only matrices anticommuting with the matrix γ0 contribute to A and B. The set of such
matrices is {γ5, γ0γ5, ~γ, γ0~γ} which can be reduced even more, down to {γ5, ~γ}, since the
matrix γ0 can be always absorbed by the projectors P±. The matrix wave function Ψn(~p)
for the n-th generic mesonic state can be parametrised through the positive– and negative–
energy components of the mesonic wave function ϕ±n (p), and a bound–state equation in the
form 

[2Ep −Mn]ϕ+n (p) =
∫
k2dk
(2π)3
[T++n (p, k)ϕ
+
n (k) + T
+−
n (p, k)ϕ
−
n (k)]
[2Ep +Mn]ϕ
−
n (p) =
∫
k2dk
(2π)3
[T−+n (p, k)ϕ
+
n (k) + T
−−
n (p, k)ϕ
−
n (k)]
(21)
can be derived for such wave functions. The interested reader can find the details in
Refs. [21, 23] or in Ref. [25], where also a Hamiltonian approach to the quark–antiquark
bound–state problem is developed (as a generalisation of the method applied to the ’t Hooft
model for QCD in two dimensions in Ref. [29]) which, after a generalised Bogoliubov-like
transformation leads to the same Eq. (21); ϕ±n (p) play the role of the bosonic Bogoliubov
amplitudes, so that their normalisation condition,∫
p2dp
(2π)3
[
ϕ+n (p)ϕ
+
m(p)− ϕ−n (p)ϕ−m(p)
]
= δnm,∫
p2dp
(2π)3
[
ϕ+n (p)ϕ
−
m(p)− ϕ−n (p)ϕ+m(p)
]
= 0,
(22)
should not come as a surprise.
Let us consider the case of the chiral pion in more detail. In this case only γ5 contributes
to A and B in Eq. (20) and one has:
Api = γ5ϕ+pi (p), Bpi = −γ5ϕ−pi (p). (23)
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It is an easy task now to extract the amplitudes T±±pi (see Eq. (21)) from Eq. (19) using the
explicit form of the matrix wave function Ψ˜pi(~p) and of the operator Tp. The result reads:
T++pi (p, k) = T
−+
pi (p, k) = −
∫
dΩkV (~p− ~k)

cos2 ϕp − ϕk
2
− 1− (~ˆp
~ˆk)
2
cosϕp cosϕk

 ,
T+−pi (p, k) = T
−−
pi (p, k) =
∫
dΩkV (~p− ~k)

sin2 ϕp − ϕk
2
+
1− (~ˆp~ˆk)
2
cosϕp cosϕk

 .
(24)
In the chiral limit, ϕ+pi (p) = −ϕ−pi (p) ≡ ϕpi(p), so that the bound–state Eq. (21) for the
pion reduces to a single equation,
2Epϕpi(p) =
∫
k2dk
(2π)3
[T++pi (p, k)− T+−pi (p, k)]ϕpi(k) = −
∫
d3k
(2π)3
V (~p− ~k)ϕpi(k), (25)
or, in the coordinate space, one arrives at the Schro¨dinger-like equation,
[2Ep + V (r)]ϕpi = 0. (26)
It is instructive to notice that Eq. (26) reproduces the mass–gap Eq. (12) for ϕpi(p) = sinϕp.
This is the wave function of the chiral pion whose dual nature is clearly seen from this
consideration. Indeed, as a Goldstone boson, the pion appears, through the mass–gap
equation, already at the level of the quark dressing, whereas the same entity reappears as
the lowest pseudoscalar solution to the quark–antiquark bound–state Eq. (21). Below we
study the properties of the pionic matrix wave function (16).
B. Bound–state equation in the matrix form: Gell-Mann–Oakes–Renner relation
Mesonic bound–state Eq. (21) admits a matrix form for the wave function Ψ(~p) and it
can be derived directly from Eq. (19). Skipping the details of this derivation (the interested
reader can find them in Ref. [29], for the two–dimensional ’t Hooft model, whereas the
generalisation to the model (2) is trivial), we give it here in the final form [25]:
MΨ(~p) = [(~α~p) + βm]Ψ(~p) + Ψ(~p)[(~α~p)− βm]
+
∫
d3q
(2π)3
V (~p− ~k)
{
Λ+(~k)Ψ(~p)Λ−(−~k)− Λ+(~p)Ψ(~k)Λ−(−~p) (27)
−Λ−(~k)Ψ(~p)Λ+(−~k) + Λ−(~p)Ψ(~k)Λ+(−~p)
}
.
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For the chiral pion, the explicit form of Ψpi(~p) follows from Eqs. (20) and (23) and reads:
Ψpi(~p) = Tp
[
P+γ5ϕ
+
pi − P−γ5ϕ−pi
]
Tp = γ5Gpi + γ0γ5T
2
pFpi, (28)
where Gpi =
1
2
(ϕ+pi − ϕ−pi ), Fpi = 12(ϕ+pi + ϕ−pi ).
In order to normalise the pion wave function in its rest frame, one is to go slightly
beyond the chiral limit and to consider pionic solutions to the bound–state Eq. (21) in the
form [23, 25, 29]:
ϕ±pi (p) = Npi
[
± 1√
mpi
sinϕp +
√
mpi∆p
]
, N−2pi = 4
∫ ∞
0
p2dp
(2π)3
∆p sinϕp, (29)
where all corrections of higher order in the pion mass are neglected and the function ∆p
obeys a reduced mpi–independent equation (see, for example, Ref. [23] or the papers [29]
where such an equation for ∆p is discussed in two-dimensional QCD).
Furthermore, the pion norm Npi can be easily related to the pion decay constant fpi. To
this end we multiply the matrix bound–state equation (27) by γ0γ5, integrate its both parts
over d
3p
(2pi)3
, and, finally, take the trace. The resulting equation reads:
mpi
∫
d3p
(2π)3
Fpi sinϕp = 2m
∫
d3p
(2π)3
Gpi, (30)
and it is easy to recognise the celebrated Gell-Mann–Oakes–Renner relation [30] in Eq. (30).
Indeed, using the explicit form of the pionic wave function beyond the chiral limit, Eq. (29),
one can see that Gpi = (Npi/√mpi) sinϕp and Fpi = (Npi√mpi)∆p which, after substitution to
Eq. (30), give the sought relation,
m2pi
[
NC
π2
∫ ∞
0
dp p2∆p sinϕp
]
= −2m〈q¯q〉, (31)
where the definition of the chiral condensate [21, 23],
〈q¯q〉 = −NC
π2
∫ ∞
0
dp p2 sinϕp, (32)
was used. Therefore,
Npi =
√
2πNC
fpi
. (33)
Finally,
Ψpi(~p) = Tp
[
P+γ5ϕ
+
pi (p)− P−γ5ϕ−pi (p)
]
Tp =
1
fpi
√
2πNC
mpi
[γ5 sinϕp +O(mpi)], (34)
where the properties Tpγ5 = γ5T
†
p and T
†
pTp = TpT
†
p = 1 of the Foldy operator Tp (see
Eq. (18) for its definition) were taken into account.
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C. Goldberger–Treiman relation and the pion emission vertex
The standard Goldberger–Treiman relation is the relation between the pion–nucleon cou-
pling constant and the axial constant of the nucleon axial vector current, and its derivation
is present in any textbook on hadronic physics (see, for example, Ref. [31]). This relation
can be derived analytically for the GNJL model as well [32]. A similar relation holds in the
GNJL models for the pion coupling to dressed quarks. Indeed, the model admits two repre-
sentations: the dressed–quark and the mesonic representation which are interchangeable up
to corrections suppressed by the large NC number [25], so that, in the leading in the number
of colours approximation, one has two equivalent representations for the axial–vector current
complying with the PCAC theorem (for the sake of simplicity, we stick to the one–flavour
theory and ignore the axial anomaly, generalisation to the flavour nonsinglet axial vector
current in SU(Nf), where there is no anomaly, is trivial)
1:
[J5µ(x)]pi = fpi∂µφpi(x), (35)
through the Goldstone boson, with φpi(x) being the chiral pion wave function, and, generi-
cally,
[J5µ(x)]q = q¯(x)[gAγµγ5 + hA∂µγ5]q(x), (36)
through the dressed–quark states, where gA = 1 and hA = 0. We evaluate now the matrix
element of this current divergence between dressed quark states, 〈q(p)|∂µJ5µ(x)|q(p′)〉, in the
given two representations arriving at:
〈q(p)|[∂µJ5µ(x)]pi|q(p′)〉 = fpim2pi〈q(p)|φpi(x)|q(p′)〉 ∝ fpigpi(q2)(u¯pγ5up′), q = p− p′, (37)
where the pion–quark–quark effective formfactor gpi(q
2) is introduced, and
〈q(p)|[∂µJ5µ(x)]q|q(p′)〉 ∝ meffq (u¯pγ5up′), (38)
1It was noticed long ago [21] that, in the given model, the pion decay constant in the temporal and in the
spatial parts of the current in Eq. (35) may differ. This is a consequence of an explicit breaking of Lorentz
covariance by the instantaneous interaction in the Hamiltonian (2). Although some improvements of the
model can be made in order to get rid of this discrepancy (see, for example, Ref. [33]), its underlying origin
cannot be removed by simple amends. Thus we consider the model (2) as it is, making emphasis on its
qualitative predictions. Everywhere throughout this paper as fpi we denote the temporal constant extracted
from the Gell-Mann–Oakes–Renner relation (31).
13
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FIG. 4: The amplitude of the decay h→ h′ + pi.
where it is assumed that dressed quarks obey an effective Dirac equation with the dynami-
cally generated effective Lorentz–scalar mass meffq . Obviously this dynamical mass must be
identified with the function Ap — see Eqs. (10) and (13), — and we discuss this issue in
detail below.
Finally, Eqs. (37) and (38) together yield the needed relation,
fpigpi = m
eff
q , gpi ≡ gpi(m2pi), (39)
where, for the sake of simplicity, we absorb all coefficients into the definition of gpi.
This derivation of the Goldberger–Treiman relation (39) is based on quite general con-
siderations of chiral symmetry breaking and the PCAC theorem. The only input is the
requirement of the (partial) conservation of the total axial vector current in QCD and ap-
pearance of the Lorentz–scalar dynamical mass of quarks as a consequence of SBCS. It
leaves a number of questions, such as the microscopic picture for the pion–quark–quark
vertex and the dependence of the effective quark mass meffq on the quark momentum. Be-
low we give a microscopic derivation of the Goldberger–Treiman-like relation (39) for the
pion–quark–quark vertex in the framework of the quark model (2).
Consider a hadronic process with an emission of a soft pion, for example, a decay h →
h′+π, with h and h′ being hadronic states (below we consider them to be mesons) with the
total momenta ~p and ~p′, respectively. The amplitude of this process is given by the sum of
two triangle diagrams depicted at Fig. 4 and can be written as
M(h→ h′ + π) =
∫
d4k
(2π)4
Sp
[
χh(~k, ~p)S(k − p)χ¯h′(~k − ~p, ~p′)S(k − q)χ¯pi(~k, ~q)S(k)
]
+
∫
d4k
(2π)4
Sp
[
χh(~k, ~p)S(k − p)χ¯pi(~k, ~q)S(k − q)χ¯h′(~k − ~p, ~p′)S(k)
]
,
(40)
where the pion momentum is q = p−p′. Every vertex in these diagrams contains a Salpeter
amplitude χ (χ¯ for outgoing vertices) which obeys a Bethe–Salpeter equation of the form of
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Eq. (15) which can be rewritten as
χ(~p, ~P ) =
∫
d3k
(2π)3
V (~p− ~k)γ0Ψ(~k, ~P )γ0. (41)
The incoming and outgoing matrix vertices for the given hadron are related to one another
as
χ¯(~p, ~P ) = γ0χ
†(~p, ~P )γ0. (42)
Thence, considering Eqs. (34), (41), and (42) together, one arrives at the relation between
the soft pion (~Ppi ≡ ~q → 0) emission vertex and the dressed quark effective dynamical mass:
fpiχ¯pi(~p) =
√
2πNC
mpi
γ5
∫
d3k
(2π)3
V (~p− ~k) sinϕk = const× γ5Ap, (43)
where the definition of the function Ap, Eq. (13), was used. Thus, for the sake of trans-
parency, introducing the formfactor gpi(p) such that
u¯pχ¯pi(~p)up = const× gpi(p)(u¯pγ5up), (44)
with the same constant as in Eq. (43), one finally arrives at the Goldberger–Treiman relation,
fpigpi(p) = Ap, (45)
which explicitly relates the pion coupling to the dressed quarks with the effective chiral
symmetry breaking Lorentz–scalar quark mass Ap. Notice an important difference between
the naive Goldberger–Treiman relation (39) and the microscopic relation (45). In the former
case, the pion coupling constant depends only of the momentum transfer in the pionic vertex
(that is, the pion total momentum ~q) squared, so that, for the on–shall pion, gpi is a constant.
On the contrary, the pion emission vertex χ¯pi(~p, ~q) in the microscopic GNJL model depends
on two arguments: one, as before, being the pion total momentum ~q — as mentioned before,
we treat it as for the standard derivation of the Goldberger–Treiman relation and continue
the soft–pion vertex to the point ~q = 0 — whereas the other argument being the momentum
flow in the loop, which plays also the role of the momentum of the dressed quark the pion
couples to. Without SBCS and beyond the chiral limit, Ap = m and thus the coupling gpi(p)
turns to a constant. On the contrary, in the chiral limit and after SBCS, Ap is a rapidly
decreasing function of the momentum p. Indeed, using the definition of Ap and that of the
dressed quark dispersive law, one can find the relation:
Ap = Ep sinϕp. (46)
15
At large momenta, Ep ≈ p, whereas the chiral angle approaches zero fast — see Fig. 2. For
a power-like confining potential (4) ϕp ∝ 1/p4+α as p→∞ (see, for example, Ref. [27]).
The decay amplitude of the process h→ h′+π is given by an overlap of the three vertices
— see Fig. 4 and Eq. (40). Each of them depends on the momentum circulating in the
loop, and the maximal overlap is achieved for all three meson wave functions localised at
comparable values of this momentum. Clearly the pion vertex (and the pion wave function
sinϕp) is dominated by the low momenta and it decreases fast with the increase of the latter
(see Fig. 2). In the meantime, for highly excited hadrons the momentum distribution in
these hadrons as well as in the corresponding vertices in Fig. 4 is shifted to large momenta.
Therefore, the amplitude (40) vanishes with the increase of the hadron h or/and h′ excitation
number and so does the effective coupling constant of the pion to such highly excited hadrons.
We emphasise that it is the pion wave function sinϕp that suppresses the Goldstone boson
coupling to highly excited hadrons.
It was demonstrated recently that chiral symmetry restoration for excited hadrons hap-
pens due to the same reason — the effective interaction responsible for the splitting within
a chiral doublet is also proportional to sinϕp [12]. Therefore, if an effective constant is
introduced in particular for the pion transition within the approximate parity doublet, this
constant must be proportional to the splitting ∆M+− = M+ −M− within the doublet and
it has to vanish with ∆M+− for highly excited hadrons.
D. Numerical estimates
In this chapter we present some quantitative estimates related to the chiral pion and its
coupling to excited hadrons. For the sake of simplicity, we stick to the harmonic oscillator
potential corresponding to the marginal choice of α = 2 in Eq. (4). The mass–gap equation
reduces in this case to a second–order differential equation studied in detail in Refs. [21, 22,
23],
p3 sinϕp =
1
2
K30
[
p2ϕ′′p + 2pϕ
′
p + sin 2ϕp
]
+mp2 cosϕp, (47)
where the dressed quark dispersive law is
Ep = m sinϕp + p cosϕp −K30
[
ϕ′p
2
2
+
cos2 ϕp
p2
]
. (48)
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FIG. 5: The ratio gpi(p)/gpi(0) as a function of the dressed quark momentum.
The bound–state equation for the chiral pion, Eq. (21), takes the form
[−K30 d2dp2 + 2Ep
] 1 0
0 1

+K30
[
ϕ
′2
p
2
+
cos2 ϕp
p2
] 1 1
1 1

−mpi

 1 0
0 −1





 ν+pi (p)
ν−pi (p)

 = 0,
(49)
where the radial wave functions ν±pi (p) = pϕ
±
pi (p) were introduced for convenience, which are
rescaled so as to obey the one-dimensional normalisation [23],∫
dp[ν+2pi (p)− ν−2pi (p)] = 1. (50)
As noticed before, Eq. (49) reduces to the mass–gap Eq. (47) in the chiral limit, so that
ϕ±pi (p) = sinϕp and the qualitative form of the solution for the chiral angle appears to be
the same as for the linear confinement depicted in Fig. 2.
In Fig. 5, we plot the ratio gpi(p)/gpi(0) defined with the help of Eqs. (45) and (46). This
ratio also describes the actual decrease of the pion coupling to hadron with the increase
of the average dressed quark momentum in it. Furthermore, for the sake of transparency,
we measure this momentum in physical units, in MeV , using the chiral condensate to fix
the value of the mass parameter K0. To this end, for the given solution to the mass–gap
Eq. (47), we calculate the chiral condensate according to Eq. (32) which gives (we use the
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numerical results of Refs. [12, 25])
〈q¯q〉 = −(0.51K0)3 (51)
and, therefore, we fix K0 = 490MeV to arrive at the standard value of the chiral condensate.
From Fig. 5 one can see a fast decrease of the pion coupling to hadrons for large p’s, as was
discussed before using general qualitative arguments.
Now we estimate the average momentum of the valence quarks in excited mesons. We
consider a radially excited S-wave light–light meson consisting of two light (massless) quarks.
For highly excited bound states of such a system (n≫ 1), the negative–energy component of
the wave function ϕ−n (p) vanishes and the bound–state equation reduces to a single equation
for the positive–energy component ϕ+n (p). This equation can be roughly approximated by
the Schro¨dinger equation with the Hamiltonian
H = 2|p|+K30r2, (52)
and we identify the corresponding selfenergies Mn as Mn =
1
2
(Mn++Mn−), with Mn± being
the masses for the chiral doublet partners. Although the given naive Salpeter Hamiltonian is
unable to correctly discriminate between Mn+ and Mn− and a more sophisticated approach
is required for this purpose (see Ref. [12] for a detailed discussion), it is sufficient to estimate
the typical quark momentum in excited states. To make things simpler, we use the einbein
field method (see the original paper [34] for the details and, for example, Ref. [35] for einbeins
treated using the Dirac constraints formalism [36]) rewriting the Hamiltonian (52) as
H =
p2
µ
+
µ
2
+K30r
2, (53)
with the einbein µ treated as a variational parameter [37]. The spectrum of the Hamiltonian
(53) minimised with respect to the parameter µ reads Mn ≈ 3K0(2n+3/2)2/3 and the mean
quark momentum can be easily estimated then using the virial theorem for the oscillator
Hamiltonian (53) to be
〈p〉 ≈ K0
(
2n+
3
2
)2/3
, (54)
which gives an approximate analytic dependence of 〈p〉 on the radial excitation number n.
It is obvious therefore that already for n ∼ 1 the quark momentum appears large enough
and, as seen from Fig. 5, the corresponding coupling of the Goldstone boson to this hadron
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is suppressed as compared to its naive value of gpi(0). An accurate systematic evaluation of
the pion coupling to excited hadrons goes beyond the scope of the present qualitative paper
— this work is in progress now and will be reported elsewhere.
IV. CONCLUSIONS
In this paper we considered in detail physics of the Goldstone bosons decoupling from
highly excited hadrons, where chiral symmetry is approximately restored. This interesting
physics can be summarised in a few words. The coupling of the Goldstone bosons to the
valence quarks is regulated, via the Goldberger–Treiman relation, by the dynamical Lorentz–
scalar mass of quarks. This dynamical mass which arises via the loop dressing of quarks
represents effects of chiral symmetry breaking in the vacuum. A key feature of this dynamical
mass is that it is strongly momentum–dependent and vanishes at large quark momenta.
Hence at large momenta the valence quarks decouple from the quark condensates and from
the Goldstone bosons. In this regime chiral symmetry breaking in the vacuum almost
does not affect observables and physics is essentially such as if there had been no such
chiral symmetry breaking in the vacuum. It is clear, therefore, that for a given hadron,
the influence of SBCS on its properties is determined by the typical momentum of valence
quarks in it. For low–lying hadrons this momentum lies below the chiral symmetry breaking
scale, the valence quarks acquire a significant Lorentz–scalar dynamical mass, which results
in a strong coupling of the low–lying hadrons to the Goldstone bosons. On the contrary,
for high–lying hadrons, a typical momentum of valence quarks is large, their dynamical
chiral symmetry breaking mass becomes small (and asymptotically vanishes), which implies
that these high–lying hadrons decouple from the Goldstone bosons. Consequently the axial
vector constant, gA, of the highly excited hadrons appears suppressed and asymptotically
vanishes.
We illustrate this physics in the framework of the GNJL model for QCD with the only in-
teraction between quarks being the instantaneous Lorentz–vector confining potential. Such a
model is tractable and contains all the required elements such as the spontaneous breaking of
chiral symmetry via quantum fluctuations of the quark fields and confinement. While being
only a model, it nevertheless provides a significant insight into physics of chiral symmetry
restoration in excited hadrons.
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